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Abstract 

This study describes quantitation in smokers’ urine of 
two metabolites of the tobacco-specific lung carcinogen 
4-(methylnitrosamino)-i-{3-pyridyl)-l-butanone (NNK). 
The metabolites are 4-(methylnitrosamino>-l-(3-pyridyl)- 
X-butanol (NNAL), which is also a lung carcinogen, 

- and its O-glucuronide (NNAL-Gluc), a presumed 
detoxification product of NNK. Using updated 
methodology, levels of NNAL, NNAL-Gluc, and cotinine 
were determined in the urine of 61 smokers. The NNAL- 
Gluc:NNAL ratio, a potential marker for NNK 
detoxification potential, varied 16-fold in this group. Two 
phenotypes of this ratio were apparent; one ranging from 
0 to 6 and found in 85% of the smokers and a second 
ranging from 6 to 11. The short-term and long-term 
consistency of the ratio was investigated. Studies carried 
out over a 4-5-day period indicated that the NNAL-Gluc: 
NNAL ratio was reasonably stable. Subjects who donated 
urine samples on two occasions separated by 4-16 
months were classified in the same group (ratio range, 
0-6 or 6-11) each time. Different urine collection 
protocols appeared to have little influence on the NNAL- 
GluctN'NAL ratio. Thus, intraindividual differences in the 
NNAL-Gluc: NNAL ratio were generally small, whereas 
interindividua! differences were large. Amounts of NNAL, 
NNAL-Gluc, and cotinine excreted by smokers were 
constant in 24-h samples obtained over a 3-day period of 
constant cigarette intake and controlled diet. Levels of 
NNAL, NNAL-Gluc, and NNAL plus NNAL-Gluc 
correlated with cotinine in a study of 61 smokers without 
controlled diet or smoking (r = 0.58; P < 0.0001). The 
results of this study indicate that urinary NNAL and 
NNAL-Gluc can be reliably quantified in smokers’ urine, 
and that the NNAL-Gluc:NNAL ratio may be a useful 
biomarker for NNK detoxification in smokers. 
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Introduction 

NNK, 3 a nicotine-derived tobacco-specific nitrosamine found 
in cigarette smoke, is a potent pulmonary carcinogen in rodents, 
inducing primarily adenocarcinoma (1-3). The lung is the ma¬ 
jor target organ for the carcinogenicity of NNK independent of 
the route of administration. Thus, lung tumors are induced in 
rats when NNK is given by s.c. injection, in the drinking water, 
by oral swabbing, or by intravesicular administration (1—5). The 
total doses of NNK to which cigarette smokers are exposed in 
a lifetime of smoking approach those that induce pulmonary 
tumors in rats (6, 7). These data indicate that NNK is likely to 
play an important role in lung cancer induction in smokers. 
NNK and polynuclear aromatic hydrocarbons are believed 
to be the major carcinogens responsible for lung cancer in 
smokers (8). 

NNK requires metabolic activation to express its carcino¬ 
genic effects. There are competing detoxification pathways (9). 
The major metabolic pathway for NNK in most tissues is 
conversion to NNAL by reduction of the NNK carbonyl group 
(Fig. 1). This reaction occurs rapidly in rodents, primates, and 
human tissues (10-12). NNAL is also a potent pulmonary 
carcinogen in mice and rats (2, 13). NNAL can in turn be 
converted to its NNAL-Gluc (14). Two diastereomers of 
NNAL-Gluc have been characterized in primate and human 
urine (11, 15). Although the carcinogenic activity of NNAL- 
Gluc has not been assessed to date, it is likely to be less active 
than NNAL or NNK and, consequently, can be considered as a 
potential detoxification product of NNK. The metabolic acti¬ 
vation of NNK to carcinogenic intermediates that form adducts 
with DNA and protein occurs by a-hydroxylation as illustrated 
in Fig. 1; analogous a-hydroxylation pathways are observed for 
NNAL (9). The resulting DNA methylation and pyridyJoxobu- 
tylation adducts have been detected in rodent and human tissues 
(3. 16-19). In mouse lung, these adducts are associated with 
Ki-rar activation (20, 21). In humans, the balance between 
metabolic activation and detoxification of carcinogens such as 
NNK will be influenced by each person's enzymatic capabili¬ 
ties. Our hypothesis is that this balance will affect an individ¬ 
ual’s risk for cancer upon exposure to carcinogens such as 
NNK. Therefore, our goal is to develop biomarkers that will 
indicate a person’s capacity to metabolically activate or detox¬ 
ify carcinogens (22). 

Urinary metabolites of NNK could provide an index of 
individual patterns of activation or detoxification. Previously, 


2 The abbreviations used arc: NNK, 4-tmcthyln!trosammo)-l-{3-pyridyl)-l-bu- 
tanorse; NNAL. 4-(nttthylmlfa5amino)-l-(3-pyridyl)-!-bulanol; NNAL-Gluc, 
[4-(mc[liyiniirosamino)-l-(3-pyri£tyl)bui.|.yl]-0-0"O.glucosiduronic arid; iso- 
NNAL, 4-{melhylnttrosamino)-4-(3-pyridy[)-l-butanol; ElOAc, ethyl acetate; 
GC-TEA, gas chromatography-thermal energy analyacr; GC-MS, gas chroma¬ 
tography-mass spectrometry; CV, coefficient of variation. 
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Fig. J. Overview of mammalian NNK metabolism. Two diastereomers of NNAL-Gluc have been identified in human urine (15), 



Table f 

NNAL-Otoc:NNAL ratios in 24*h urine samples versus those collected a* other intervals 


A. 

Subject 

NNAL-GIuc:NNAL ratio” 

B. 

Subject 


NNAL-GIik^NNAJL raiio” 


Morning sample 

24-h sample 


Quarter samples 


24-h sample 4 ^ 

I 

2 

3 

4 

1 

3.4 

3.6 

6 

4.4 

3.6 

5.8 

3.7 

43 (4.7) 

2 

2.0 

3.6 

7 

4.6 

3.9 

4.8 

5.0 

43 (4.3) 

3 

2.1 

2.4 

8 

3.4 

3-4 

4J 

3.S 

3.5 

4 

3.0 

2.4 

9 

5.9 

3.3 

3.0 

3.2 

3.7 

5 

3.3 

2.7 








18 Either 24-h urine samples or first morning voids were collected and analyzed for NNAL-Gluc and NNAL, as described in “-Materials and Methods." 
b Urine samples were collected as follows: 2 a.m.-8 a.m. (quarter l); 8 a.m.-2 p.m.; 2 p.m-8 p.m.; 8 p.m.-2 a.m. and analyzed for NNAL-Gluc and NNAL 
f Calculated from quarter sample data. Number in parentheses, found by separate analysis of 24-h urine, 


we have shown that smokers, as well as nonsmokers exposed to 
sidestream cigarette smoke, excrete NNAL and NNAL-Giuc in 
their urine (23, 24). The excretion of these metabolites has also 
been demonstrated in users of certain smokeless tobacco prod¬ 
ucts (15). In this study, we have further refined the methodol¬ 
ogy for quantitation Of NNAL and NNAL-Gluc in human urine 
and have assessed intraindividual and inlerindividual differ¬ 
ences in their excretion in smokers. 

Materials and Methods 

Subjects. All protocols for urine collection were approved by 
the American Health Foundation Institutional Review Board 
for protection of human subjects. Alt subjects signed a consent 
form before participation in the studies. Subjects involved in 
the studies summarized in Tables 1-3 were mainly American 


Health Foundation employees. For the studies outlined in Table 
M, 5 healthy subjects, 1 mate and 4 female, ages 25-68 years, 
were recruited. They collected either a 24-h urine sample Or a 
first-morning void sample. For the studies summarized in Table 
16, 3 healthy subjects, 1 male and 2 female, ages 26—30 years, 
were recruited. Urine samples were collected in quarters of the 
day, as follows: 2 a.m.—S a.m.; 8 a.m.—2 p.m.; 2 p.m.—8 p.m.; 
8 p.m.—2 a.m. For the determinations summarized in Table 2, 3 
healthy subjects, 1 male and 2 female, ages 25-30 years, were 
asked to smoke the same number of cigarettes per day for 3 
days and to consume their usual diet, with the exclusion of 
cruciferous vegetables. For the studies outlined in Table 3, 5 
healthy subjects, 3 male and 2 female, ages 25-29 years, were 
asked to smoke a constant number of cigarettes per day. They 
collected their urine from 9:00 a.m. to 12:00 p.m. for 4-5 
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ruble 2 

Urinary excretion of NNAL-GIul* 

and NNAL in three smokers mor 

j 3-day period" 


Subject 

Day 

Nil ill 
cigarettes 

NNAL-GLuc 
( nmo!/24 h“) 

NNAL 

(nmol/24 h") 

NNAL-GUic:NNAL mim 

Cotinine 
(jj.rmil/24 hjr 

1 

1 

10 

3JI2 

0.71 

4.3 

47.4 


2 

16 

3.10 

0.67 

4.6 

43.6 


3 

lb 

3.68 

0.87 

4.2 

57.4 




3.27 r U.3f> 

o.75 ran 

4.4 r 0.2 

49.5 r 7.13 

2 

I 

JO 

0.54 

0.20 

2.7 

25,5 


2 

8 

0.51 

0.2l 

2.4 

28.5 


3 

1r> 

0.69 

0.26 

2.7 

ay. 7 




0.58 ±0.10 

0.22 ± 0.03 

2.6 r 0.2 

31.2 ± 7.48 

3 

1 

15 

4.27 

1.36 

3.1 

40.3 


2 

17 

4.55 

1.26 

3.6 

47.2 


3 

17 

4.60 

1.41 

3.3 

44,1 




4.47 ± 0.18 

1.34 ± 0.08 

3.3 r 0.3 

43.9 ± 3.46 


" Twenty-four-h urine samples were collected and analyzed for NNAL-Gluc, NNAL. and cotinine as described in “Materials and Methods.” Each smoker maintained 
constant smoking patterns and avoided cruciferous vegetables. 
b To convert lo ng/24 h, multiply NNAL-Gluc X 385 and NNAL X 209. 

47 Detemiined by R!A. 


consecutive days. The data presented in Table 5 and Figs. 2-5 
were obtained by analysis of urine samples from 61 healthy 
subjects, ages 18-60 years. There were 31 females and 30 
.males, 34 Black and 27 Caucasian. They were residents of Mt. 
Vernon, NY, and were recruited through advertisements in 
local newspapers, hospitals, churches, and on radio and televi¬ 
sion. These subjects were participating in a larger Study of 
ethnic differences in carcinogen metabolism. The urine samples 
used for the present study were part of a protocol assessing 
caffeine metabolism. Subjects were asked to fast and abstain 
from smoking starting at 12:00 a m. At 9:00 a.m. they were 
given a cup of coffee and asked to collect their urine for the next 
3 h. Some subjects were recalled for a second analysis, 4—16 
months after the first (Table 4). A 3-h urine sample was col¬ 
lected from 9:00 a.m. 

Collection of Urine. Urine samples were collected as de¬ 
scribed previously (23). Ammonium sulfamate was added to 
some samples and NaOH pellets (final concentration, 0.1 n) to 
others. Most samples, including all in Table 5, were collected 
without an additive. As described in "Results," the, method of 
collection had no significant effect on the data. The samples 
were kept at room temperature during collection, for up to 24 
h, and then frozen at -20°C until analysis. 

Analysis of Urine for NNAL and NNAL-Gluc. Urine is 
thawed, and a 20-25-m! aliquot is withdrawn for analysis. The 
pH of the urine is adjusted to 7 with concentrated HC1 or 
NaOH. Typically, ten samples are analyzed simultaneously. 
The samples are placed in 50-ml glass screw-top centrifuge 
tubes (Kimble, Vineland, NJ). Each sample is extracted three 
times with an equal volume of EtOAc. Emulsions encountered 
in this step are separated by centrifugation. The EtOAc extracts 
are combined, 0.1 nmol iso-NNAL is added as internal stan¬ 
dard, and the solution is placed in a 250-m) amber glass bottie 
and dried with 10 g Na ? SO... The extracts are transferred by 
portions into 50-ml centrifuge tubes and are concentrated to 
dryness by using a Model SVT200H Spcedvac concentrator 
(Savant Instruments, Farmingdale, NY), at approximately 
35°C. The residue is stored at ~20“C until HPLC cleanup. The 
extracted urine from above is concentrated to approximately 
two-thirds of its original volume on the Speedvac. To this are 
added 25,000 units of /3-glucuronidase type IX-A from Esch¬ 
erichia colt (Sigma Chemical Co., St. Louis, MO), and the 


solution is incubated overnight at Then 0.1 nmol 

iso-NNAL is added, and the solution is extracted three times 
with equal volumes of CH 2 C1 2 . The combined extracts are 
dried with Na^SO* and concentrated to dryness as above. 
The residue is taken up in 40 p.1 of methanol, and then 1 ml 
of H 2 0 is added to the tube. The resulting solution is 
vortexed for l min and transferred to a 4-ml glass vial 
(Kimble), and the pH is adjusted to 7 with concentrated 
NaOH solution. The same procedure is used to transfer the 
EtOAc extract from above to another 4-ml glass vial. The 
CH 2 C1 2 extracts, containing NNAL released from NNAL- 
Gluc, and the EtOAc extract, containing free NNAL from 
urine, arc further purified by HPLC, derivatized, and ana¬ 
lyzed by GC-TEA essentially as described previously (23). 
Differences are that iso-NNAL is not added to the samples 
before GC-TEA analysis, and that the amount of nitrosogu- 
vacoline is decreased from 20 to 10 ng/sampie. 

Analysis of Creatinine and Cotinine. Unless otherwise indi¬ 
cated, urinary cotinine was measured by GC-MS (25). In brief, 
cotinine was extracted from urine samples at pH 6-0 onto solid 
phase Bond Eiut Certify extraction columns (Varian). It was 
ciuled with CH,C1 2 : isopropyl alcohol (80:20) containing 2% 
(w/v) ammonium hydroxide. After evaporation of the organic 
solvent, cotinine was measured by GC-MS by using deutcrated 
cotinine as the internal standard. In some cases, urinary cotinine 
was analyzed by RlA using antisera produced in rabbits 
(26,27). , 

Urinary creatinine was measured by using a Kodak 
Ektachem 500 clinical chemistry analyzer. 

Statistical Methods. Data are expressed as mean £ SD. 
Comparison of group means were performed by Student's i 
test or ANOVA, where appropriate, and correlations were 
determined by calculation of Pearson correlation coefficients 
(28). Probit transformations of the data were conducted by 
plotting the NNAL-Giuc:NNAL ratios against their corre¬ 
sponding percentage area under the normal probability curve 
on probability paper (29). By using the probit transforma¬ 
tion, a straight line would result for data that are normally or 
log normally distributed. A broken line indicates a deviation 
from normality. 
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TuhhJ Urinary excretion of NNAL-GIuc and NNAL in five smokers on several consecutive days'" 

Subject 

Day 

NNAL-GIuc 
(pmol/mg creatinine) 

NNAL 

(proofing creatinine) 

NNAL-Gluc:NNAL ratio 

Cotinjnc 

(nmol/mg creatinine) 

1 

\ 

2.35 

1.26 

1.9 

11.8 


2 

2.45 

0.63 

3.9 

8.40 


3 

2. If) 

0,41 

5.3 

4,08 


4 

2.01 

0.3 H 

5.3 

5.30 



2.24 e 0.20 (by 

0.67 e 0.41 (61)* 

4.1 = 1.6 (30)'' 

7.44 ± 3.44 (46)' 

2 

I 

0.63 

0.14 

4.4 

2.50 


2 

0.745 

0.4! 

1.9 

4.29 


3 

0.72 

0.24 

2.9 

5.14 


4 

0.67 

0.17 

3.0 

2.45 


5 

0.37 

0.23 

1.6 

3.46 



0.63 ± 0.16 (25) 

0.24 £ 0.10 (43) 

2.9 £ 1.2 (41) 

3.57 £ 1.16 (33) 

3 

1 

2.33 

1.14 

2.0 

14.9 


2 

2.37 

0.92 

2.6 

12.0 


3 

1.97 

0.78 

2.5 

3.97 


4 

2.02 

0.71 

2.8 

14.4 


3 

t.83 

0.34 

5.4 

3.72 



2.10 £ 0.24 (11) 

Q.78 £ 0.30 (38) 

3.1 £ 13 (42) 

9.79 £ 5.54 (57) 

4 

i 

1.10 

0.16 

6.9 

2.25 


2 

0.99 

0.25 

3.9 

3.55 


3 

0.66 

0.22 

3.0 

3.33 


4 

0.65 

0.15 

4.4 

1.53 


5 

1.15 

0.19 

6.0 

2.84 



0.91 £ 0.24 (27) 

0.; .' £ 0.04 (22) 

4.8 £ 1.6 (33) 

2.70 £ 0.822 (30) 

5 

l 

3.16 

1.53 

2.1 

11.3 


2 

2.92 

0.84 

3.5 

9.51 


3 

2.29 

1.03 

2.2 

6.72 


4 

2.32 

0.63 

3.7 

5.03 



2.67 = 0.43 (16/ 

1.01 £ 0.38 (38) 

2.9 £ 0.8 (29) 

8.13 7: 2.79 (34) 

Mean CV 

± SD 

17.6 £ 92% 

4l),6 c 22.3% 

36.® e 5.6% 

40.0 £ 21.0% 


" Urine samples were collected from 9 a.m. unlit !2 p.m. on each day and analyzed for NNAL-GIuc, NNAL colinine. and creatinine as described in “Materials and 
Methods.” Subjects were asked to maintain constant smoking habits. 

' Number in parentheses, CV, in percentage. 





Table 4 

Long-term consistency of urinary NNAL-Gluc:NNAL ratios 0 

Subject 

Time between samples 
(months) 

NNAL-Gluc;NNAL ratio 
(phenotype)** 

Sample 1 

Sample 2 

1 

16 

3.0 (low) 

3.5 (low) 

2 

11 

6.4 (high) 

9.3 (high) 

3 

12 

3.8 (low) 

3.9 (low) 

4 

6 

9.8 (high) 

S 9 (high) 

5 

4 

4 2 (low) 

3.6 (Jow) 


" Urine samples were collected from 9 a.m. until 12 p.m. on two separate 
occasions and analyzed for NNAL-GIuc and NNAL as described in "Materials 
and Methods.” 
k Low, 0-6; High, 6-11. 


Results 

Methodology. Some changes have been made in our published 
procedure (23). Tests of artifact formation have demonstrated 
that NaOH is a convenient and effective agent. Comparative 
studies in which smokers' urine was collected by using either 
ammonium sulfamate, which we showed previously to be ef¬ 
fective in preventing artifact focmation, or NaOH demonstrated 
that there was no significant difference in the NNAL and 
NNAL-GIuc values obtained by using either inhibitor. We 


prefer to use NaOH because of its simplicity for field studies. 
Other experiments demonstrated that an artifact inhibitor is not 
necessary, but it may be preferred if samples will be stored for 
lengthy periods of time. 

Presently, iso-NNAL is used as internal standard instead 
of [5- 3 H]NNAL and [O-^H]NNAL-GIuc. We have found that 
this simplifies the analysis because quantitation of is, .j 
NNAL-trimethyisilyl ether by GC-TEA can be accomplished 
in the same chromatogram as quantitation of NNAL-trim- 
ethylsilyi ether, thereby eliminating the need for scintillation 
counting of a portion of the sample. iso-NNAL has essen¬ 
tially the same partition and chromatographic properties as 
does NNAL. We have also varied the type and amount of 
/3-glucuronidase used for the hydrolysis step. The results 
demonstrated that 25,000 units of type IXA from E. coli is 
optimal. Experiments with type H-l from Helix pomalia and 
type B-l from bovine liver demonstrated that they were less 
effective than type IXA from E, call. Other changes in the 
methodology used to streamline the assay and accommodate 
multiple samples are described in "Materials and Methods.” 
Multiple analyses of the same sample gave values of 0.108 
S 0.0072 ng/ml (n = 5) for NNAL (CV = 6.7%) and 0.268 
i 0.016 (n = 3) ng/ml for NNAL-GIuc (CV = 6,0%). The 
detection limit of the assay is approximately i ng of released 
NNAL/urine sample. 
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I. 


i 

f. 


Tohlc 

5 Urmjrv excretion of NVM.-GItic. 

sn»* ikcis 1 ’ 

NNAL. und Ct«mine in hi 

SuhjCLt 

St:* 

NNAL^iiuc 

(pmol/mj* 

cTvjtimm:) 

NNAL 

(pmui.’mg 

crculimnc) 

NNAL- 
Gluc ;NNAL 
ruliu 

Cotininc 

(nmol/mii 

creatinine) 

I 

r 

4.99 

7 211 

0.7 

38.5 

2 

F 

1.70 

3 57 

LI 

37,4 

3 

M 

1.83 

1 37 

U 

22.5 

4 

F 

1.4(1 

<J.X7 

L.6 

1.77 

5 

M 

0.27 

0.15 

1.3 

5,93 

Cl 

M 

t.86 

1.02 

1.3 

16,3 

7 

F 

2.U9 

1 08 

1.9 

12.1 

s 

F 

8.21 

4J10 

IS 

5.49 

9 

F 

0.16 

0.08 

2.0 

1.37 

10 

F 

2.21 

LOS 

2.0 

12.9 

11 

F 

0.92 

(143 

2.1 

9.97 

12 

F 

3 |4 

1.49 

2.1 

12.2 

n 

F 

1.15 

0.55 

2.1 

5.97 

u 

M 

0.90 

(1,43 

2.1 

9.32 

15 

M 

0.57 

n.2Q 

2.2 

175 

16 

F 

1.40 

0,61 

2.3 

5.05 

1? 

M 

2,40 

1.06 

2.3 

13.0 

18 

F 

0.55 

0.24 

2J 

2.84 

19 

M 

2.09 

0.84 

2.5 

7.93 

20 

M 

1.24 

0.49 

2.5 

5.07 

23 

M 

1.06 

0.39 

2.7 

3.37 

22 

M 

1.86 

0.6S 

2.7 

5.75 

23 

F 

2.95 

1.06 

2.8 

10.7 

24 

M 

3.34 

1.19 

2.8 

36.5 

25 

M 

0.92 

0.33 

2.8 

5.27 

26 

M 

2.93 

1.03 

2.S 

10.5 

27 

F 

3.76 

1.34 

2.8 

9.56 

is 

F 

2.01 

0.7 J 

2.8 

10.2 

29 

F 

3.09 

1.07 

2.9 

13.7 

3U 

M 

1.12 

0.38 

2.9 

15.7 

31 

F 

0.66 

0.22 

3.0 

2.40 

33 

F 

5.96 

1.94 

3-1 

4.35 

33 

F 

2.06 

0.64 

3.2 

16.3 

34 

F 

3.62 

1.12 

3.2 

17.4 

35 

F 

4.36 

1.32 

3.3 

13.6 

36 

F 

3,16 

0.97 

3.3 

11.5 

37 

M 

3.41 

1.00 

3.4 

11.5 

38 

F 

4.26 

(.24 

3.4 

24.9 

39 

M 

1.78 

0.51 

3.5 

5.43 

40 

F 

1.90 

0.54 

3.5 

5-49 

41 

M 

1.94 

0.54 

3.6 

8.74 

42 

M 

2.13 

0.59 

3.6 

9.39 

43 

M 

2.26 

0.62 

3.7 

4.47 

44 

F 

5.05 

U2 

3.8 

7J2 

45 

M 

19.0 

4.89 

3.9 

21.3 

46 

M 

L84 

0.47 

3.9 

4,42 

47 

M 

0.47 

0.11 

4.2 

6.00 

48 

M 

1.10 

0.26 

4.2 

2.07 

49 

M 

4.56 

1.06 

4.3 

11.9 

50 

F 

4.19 

0.96 

4.4 

5.99 

51 

F 

0.45 

0.10 

4.5 

0.74 

52 

M 

1.91 

0.41 

4.7 

19.7 

53 

F 

3.61 

0.60 

6.0 

3.85 

54 

M 

0.69 

0.EG 

6.9 

4.07 

55 

F 

0.87 

0.11 

7.9 

1.81 

56 

F 

2.89 

0.36 

8.0 

7.02 

57 

M 

6.7S 

0.83 

8.2 

9.27 

58 

M 

3.33 

0.36 

9,3 

4.99 

59 

M 

1.05 

0. II 

9.5 

1.69 

60 

M 

2.19 

0.22 

9.9 

6.33 

61 

F 

11.7 

1.08 

10.8 

9,46 


" Urine samples were collected from 9 a.m. until 12 p.m. and analyzed for 
NNAL-Gluc, NNAL, cotininc, and creatinine as described in “Materials and 
Methods." Subjects fasted and abstained from smoking for 9 h before collection. 
They were given a cup of coffee at 9 a.m. 

F, female; M, male. 


NNAL released from NNAL-Gluc has been deiecied in 
every sample from smokers. However, depending on the extent 
of glucuronidation and on the number of cigarettes smoked, the 
amount of free NNAL in a smokers* urine may be small. We 
consider any peak with a signahnoise ratio <2 to be below the 
limit of detection. 

Some attempts have been made to eliminate certain steps 
in the assay, but these have been unsuccessful. For example, 
normal and reverse-phase solid phase extraction cartridges 
were used in sequence for sample cleanup rather than HPLC. 
However, the GC-TEA chromatograms obtained on these sam¬ 
ples had a background envelope and were unacceptable. 

Urine samples are stored at -20°C until analysis. Multiple 
analyses of samples stored under these conditions have shown 
that NNAL and NNAL-Gluc are stable for at least 6 months. 
However, samples analyzed 1 year after collection showed 
considerable loss of NNAL and NNAL-Gluc. 

Studies in primates have demonstrated the presence of 
NNAL and NNAL-Gluc in blood (11). We analyzed 10 ml 
serum from five heavy smokers using our methodology but 
were unable to detect either. Apparently, more sensitive meth¬ 
ods will be necessary to detect these metabolites in blood. 
Effects of Sample Collection Protocol on NNAL-Gluc: 
NNAL Ratio. As described below, the NNAL-Gluc:NNAL 
ratio may be characteristic for an individual and could indicate 
potential for detoxification of NNK. We investigated the vari¬ 
ation of this ratio depending on the mode of sample collection, 
e.g., morning urine samples versus 24-h collections or quarters 
of the day versus 24-h collections. The results are illustrated in 
Table 1. Four of the five morning samples and 14 of 16 quarter 
samples had NNAL-G!uc:NNAL ratios that were within 25% of 
the value for a 24-h urine sample. Therefore, ratios obtained 
from these samples agree well with 24-h values in approxi¬ 
mately 85% of the analyses. The amounts of NNAL and 
NNAL-Gluc obtained by analyzing two 24-h urine samples 
were within 20% of the amounts obtained by summing the 
levels in each quarter sample (data not shown). The NNAL- 
GlucrNNAL ratios were similar, whether calculated from the 
data from each quarter or determined directly by the analysis of 
the 24-h urine sample (Table IS). 

Intraindividual Variation. Three smokers were asked to 
smoke the same number of cigarettes over a 3-day period and 
to exclude cruciferous vegetables, which could affect NNK 
metabolism, from their diet. Their 24-h urine samples were 
analyzed for NNAL-Gluc and NNAL. The results show that the 
levels of NNAL-Gluc and NNAL, as well as the NNAL-Gluc: 
NNAL ratio, were relatively consistent over this period 
(Table 2). 

In a second study, five smokers consumed a constant 
number of cigarettes per day and provided urine samples be¬ 
tween 9 a.m. and 12 p.m., over a 4-5-day period. The results, 
which are summarized in Table 3, show that NNAL-Gluc levels 
were relatively constant, although amounts of NNAL and co- 
tinine were quite variable. The mean CV of the NNAL-Gluc: 
NNAL ratio was 36.8 ± 5.6%, with a range of 29-42%. As 
discussed below, individuals can be classified into two groups 
depending on their NNAL-Gluc:NNAL ratio. The ratio ranges 
from 0 to 6 in one group and from 6 to 11 in the second group. 
One of the five subjects in this study, subject 4, could have been 
misclassified by using this definition because the NNAL-Gluc: 
NNAL ratio for this subject varied from 3.0 to 6.9. In general, 
however, the results indicate that the short-term consistency of 
the NNAL-Gluc:NNAL ratio is acceptable. 
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NNAL -f- NNAL-Gluc 



pmol/mg Creatinine 

Fig. 2. Distribution of levels of urinary NNAL, NNAL-Gluc, and NNAi. plus 
NNAL-Gluc in 61 smokers. 




Fig. J Distribution of urinary NNAL-Gluc:NNAL ratios in 61 smokers. 



Fig. 4. Probit analysis of urinary NNAL-Gluc.NMAL ratios in 61 smokers. 


The long-term consistency of the NNAL-Gluc:NNAL 
ratio was examined in live subjects. The results, which are 
summarized in Table 4, demonstrate that individuals classified 
in each of the two groups remained in that group upon analysis 
of new urine samples collected 4-16 months later, 
Intcrindividual Variation. Levels of NNAL-Gluc, NNAL, 
NNAL-Gluc plus NNAL, and NNAL-Gluc: NNAL ratios for 61 
smokers are summarized in Table 5. Amounts ranged from 0.16 
to 19.0 pmot/mg creatinine for NNAL-Gluc (mean ± SD, 
2.81 ± 2.92) and from 0.08 to 4.89 pmol/mg creatinine 
(mean ± SD, 0.95 ± 1.15) for NNAL. Frequency plots of 
NNAL-Gluc, NNAL, and NNAL-Gluc plus NNAL are illus¬ 
trated in Fig. 2. 

NNAL-Gluc: NNAL ratios ranged from 0.7 to 10.8 
(mean ± SD, 3.69 ± 2.25; Table 5). The distribution of the 
ratios was non-Gaussian (Fig. 3). The data suggest that there are 
two phenotypes for NNAL-Gluc:NNAL ratio; one ranging 
from 0 to 6, and a second ranging from 6 to 11. These ranges 
were chosen empirically. Probit analysis also indicates the 
existence of two phenotypes (Fig. 4). Eleven smokers had 
higher levels of NNAL-Gluc (>4 pmol/mg creatinine) than did 
the rest of the subjects in this study. However, only two of these 
smokers were in the group having NNAL-Glnc:NNAL ratios 
ranging from 6 to 11. 

Amounts of NNAL, NNAL-Gluc, and NNAL plus NNAL- 
Gluc in urine correlated with cotinine in urine, whether ex¬ 


pressed per ml of urine or per mg creatinine (Table 6; Fig. 5). 
NNAL, NNAL-Gluc, and NNAL plus NNAL-Gluc did not 
correlate with cigarettes per day (Table 6). 

Discussion 

A potentially important observation in this study was the ap¬ 
parent existence of two phenotypes of the urinary NNAL-Gluc: 
NNAL ratio. One group had a ratio range of 0-6, whereas the 
second group’s ratio range was 6—11. NNAL-Gluc is a likely 
detoxification product of NNAL and NNK. Therefore, individ¬ 
uals in the high NNAL-Gluc:NNAL ratio group may be par¬ 
tially protected against the carcinogenic effects of NNAL and 
NNK compared to those in the low ratio group. Factors that 
may influence the NNAL-G!uc:NNAL ratio are being exam¬ 
ined carefully in an ongoing molecular epidemiology study of 
differences in lung cancer risk between Caucasians and Blacks, 
in which many of our subjects are participants. The results of 
that analysis will be reported separately, but current data indi¬ 
cate that there was no effect of diet or medications on the 
NNAL-GIuc:NNAL ratio. 

Because the NNAL-Gluc:NNAL ratio may be important in 
assessing risk for cancer upon exposure to NNK, we studied the 
short-term and long- term consistency of this ratio and also 
investigated whether values were influenced by the type of 
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Ttrhlr 6 C^rcluljun^ of urinary NNK. metabolites with urinary cotinine 
and CPD 


Correlation coefficient, r (/’ value) 

NNK 

metabolite* 

Cotinine 

(nmol/mi) 

Cotinine 

(nmol/mg Cl J D" 

ere ut i nine) 

NNAL (ptnol/ml) 

0.60 (<CMHXH) 

0.115 (><J.l) 

NNAL-Gluc (pmol/mJ) 

U.54(<0.00(>1) 

i>.»5 (>0. l) 

NNAL+-NNAL-Gluc 
(pmol/ml) 

NNAL (pmol/mg creaiinine} 
NNAL-Gluc 

(pmol/mg creatinine) 
NNALt NNAL-Gluc 

(pmol/mg creatinine) 

0.58 (<0.0001) 

O.U5 <>0. ]) 

0.S6 (<0.0001 )'■ (1.11100.1) 
0.39(0.0016)'' 0.22(0.09) 

0.48(<0.000!)'' IJ.71J(>0.I) 


" C PD correlated with cotinine (nmol/ml), r = 0.38 (P < 0.0007) ant! nmol/mg 
creatinine, r = 0.32 (/- < 0.0053), 

" Data were log transformed. 



Fig. 5. Relationship of urinary cotinine and NNAL plus NNAL-Gluc. When the 
outlier point was omitted, r = 0J2 (P < 0.0002). 


urine collection protocol used. These studies showed that the 
NNAL-Gluc:NNAL ratio was reasonably consistent over a 
4-5-day period in five smokers (Table 3). Furthermore, sub¬ 
jects who donated two urine samples on separate occasions 
separated by 4-16 months were classified in the same group 
both times (Table 4). Moreover, the urine collection protocol 
appeared to have little influence on the ratio obtained (Table !). 
Therefore, the NNAL-Gluc:NNAL ratio may be a convenient 
too! for application in molecular epidemiology studies of to¬ 
bacco-related cancers. 

Multiple forms of human liver UDP glucuronosyltrans- 
ferases have been characterized, and numerous variables in¬ 
cluding cigarette smoking, diet, disease states, drug therapy, 
ethnicity, age, genetic factors, and hormonal factors can influ¬ 
ence drug glucuronidation in humans (30). The existence of 
ethnic differences in the glucuronidation of codeine has been 
demonstrated and phenotypic differences in the glucuronidation 
of other drugs are indicated (30-32). The existence of two 
phenotypes for glucuronidation of NNAL would thus be con¬ 
sistent with the complexity of drug glucuronidation observed in 
previous studies. 

The con-elation between urinary cotinine and NNAL plus 
NNAL-Gluc observed in this study is consistent with two 
previous reports. These parameters correlated in individuals 


exposed to relatively low levels of NNK in environmental 
tobacco smoke as well as those exposed to relatively high levels 
of NNK through chewing of toombak, a tobacco product wide I v 
used in Sudan (15, 24). The observed correlations are reason¬ 
able because NNAL and NNAL-Gluc are major metabolites of 
NNK, a nicotine-derived nitrosamine, whereas cotinine is a 
major metabolite of nicotine. Several factors, however, will 
detract from [he strength of the correlations between NNK 
metabolites and cotinine: (a) levels of NNK and nicotine in 
cigarette smoke do not correlate well (33, 34); (/>) conversion 
of nicotine to cotinine is a cytochrome P-450-dependent pro¬ 
cess, whereas conversion of NNK to NNAL most likely in¬ 
volves carbonyl reductase enzymes (35, 36); (c) further metab¬ 
olism of both NNAL (by cr-hydroxylation and iV-oxidation) and 
cotinine (by 3'-hydroxylation and glucuronidation) occurs, and 
these pathways will differ among individuals (13, 35, 37). 

Some modifications in our published method for determi¬ 
nation of NNAL and NNAL-Gluc in urine have resulted in an 
improved and more streamlined assay, as described above. This 
assay is reproducible, reliable, and readily applicable to 25-ml 
urine samples from smokers. We are currently investigating 
methods to further improve sensitivity and to decrease the 
number of required steps. One limitation of our assay as pres¬ 
ently constituted is in the internal standard for free NNAL. 
Because this is added after extraction of the urine with EtOAc, 
the values for free NNAL may be somewhat underestimated 
because the extraction efficiency is approximately 75%. This 
problem can be avoided by splitting the sample initially, adding 
iso-NNAL to each half, and analyzing for free NNAL in one- 
half and free NNAL plus NNAL-Gluc in the other one-half. 

In conclusion, the results of this study clearly demonstrate 
that NNAL and NNAL-Gluc, metabolites of the tobacco-spe¬ 
cific lung carcinogen NNK, are readily detectable in smokers' 
urine. Levels of these metabolites correlate with cotinine. Two 
phenotypes of NNAL-GluctNNAL ratio were observed, sug¬ 
gesting that some smokers with higher ratios may be partially 
protected against the carcinogenic effects of NNK. 
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